The problem of improving the energy behaviour of existing buildings is a current topic of interest in scientific research. In recent years, Public Administrations have made an effort to introduce norms that help to reorient the tendency toward increasing energy consumption by buildings. To do so, manufacturers have developed numerous energy efficiency measures that have become widely extended. The main problem when selecting one or various measures is to identify the ones that will provide the best trade-off between services and implementation costs. This paper presents a study focused on implementing techniques for calculating the heating and cooling energy demand, along with genetic algorithm, to optimize the process of adjusting the building's energy efficiency rating to a determined rating for existing building. The proposed optimization approach is applied to a real case to demonstrate its validity in a real-world situation. Practical application: This paper presents an innovative method for the building energy retrofit process. By applying a simple genetic algorithm, the aim is to optimize the cost of intervening in an existing building by fixing the energy rating obtained at a given value. The practical potential of the method presented here is quite extensive, with its greatest exponent being its use by technicians who are unfamiliar with optimization processes. The application of this calculation methodology would simplify the study of projects in the phase of selecting energy-saving measures, given that there are currently many of them, with their independent characteristics, which makes the selection process a slow and ineffective task. In addition, the method's intuitive interface and the fact that it is programmed in MS Excel make it an innovative method with great applicability in the field of building process optimization.
Introduction
The new policies to combat climate change, stemming from the establishment of the Kyoto Protocol and motivated by the increase in energy dependence in some regions (the European Union, for example 1 ) , are oriented toward reducing energy consumption and the emission of greenhouse gases into the atmosphere. In Europe, Directive 2010/31/EU, 2 which replaced Directive 2002/91/CE (Energy Performance of Buildings Directive), 3 establishes the milestones to be reached in order to achieve the emission commitments agreed upon for the year 2020.
Buildings have an important weight in the overall computation of greenhouse gas emissions, mainly CO 2 .
2, 4 The current legislation requires both newly constructed buildings and, especially, existing ones to meet a series of minimums with regard to their energy behaviour. Thus, there is an attempt to not only detain the increase in the energy demand of the society but also reduce it. In turn, the Member States of the European Union have the obligation to take the necessary measures so that the objectives established by the community normative can be met, including the achievement of zero energy buildings. 2 In recent years, the construction field has been the object of numerous studies with the purpose of minimizing energy consumption. 5 Designing building energy retrofit strategies is an arduous task, given that the building itself is an organism composed of many systems and subsystems that directly influence its energy consumption. 6 In addition, the role played by the users in the behaviour of the installations is a determining factor in their efficiency. 7 Initially, in the 1980s, the computational optimization process was applied to the design of new buildings and their operational conditions, in order to maximize their efficiency. Later, in the 1990s and the first decade of the 21st century, the scope of action of these techniques was broadened to include their application in the energy retrofit process of existing buildings. 8 Currently, this process is an alternative for designing energy retrofit strategies with a high application potential, given that in only one step we achieve the maximum results for certain conditions, thus facilitating the work of the decision maker.
Traditionally, different types of dynamic thermal simulation software have been used, combined with optimization processes. The main inconvenience of this method is its high computational cost, due to the numerous interactions required to achieve an optimization that meets all the proposed restrictions. 9 
Overview and background
To achieve the optimization of the energy retrofit process, we can draw on various methods, which, according to Evins, 10 are classified as Direct Search Methods (Pattern Search, 11 Linear Programming 12 and Non-Linear Programming), Evolutionary Algorithms (Genetic Algorithm (GA), 13 Evolutionary Programming, 14 Genetic Programming, 15 Covariance Matrix Adaption Evolutionary Strategy 16 and Differential Evolution 17 ) and Meta-heuristic Algorithm (Harmony Search, 18 Particle Swarm Optimization, 19 Ant Colony Optimization 20 and Simulated Annealing 21 ). Of all of these methods, the most common is the GA, which uses the principle of natural selection to reach the optimal result. One of the reasons for its popularity is that it is capable of efficiently handling non-linear problems with discontinuities and a large number of local minimums and maximums. 22 The GA was first applied in newly constructed buildings, affecting their form, spaces, materials, etc. Znouda et al. 23 develop a procedure to optimize the design of buildings in the Mediterranean area. Rakh and Nassar 24 present a methodology that tries to optimize the shape of the roof to achieve uniformity in the entrance of sunlight on a given day.
Gradually, authors have been extending its application to the energy retrofit process, oriented toward meeting objectives such as minimizing energy consumption. Juan Y et al. 9 show an in-line decision method that seeks to facilitate the evaluation of the state of the building, in addition to proposing energy building retrofit strategies to achieve a trade-off between the cost and quality factors. Coley and Schukat 25 combine a GA using the variables thermal conductivity of the wall materials and the thermal inertia of each area of the building, with human value judgments (architectural attractiveness). Manzan and Pinto 26 present a method that tries to minimize the energy consumption in heating and the hours of artificial lighting, through the design of shade elements. Sahu et al. 27 design the HVAC system (heating, ventilation and air conditioner) in a tropical climate by combining the admittance method and a GA. Jin and Overend 28 present an alternative procedure in which they try to optimize an exterior wall by improving the social, environmental and economic values of the building, adjusting its execution cost. Malatji et al. 29 use a multi-objective GA to maximize energy saving after carrying out an energy retrofitting of a building, while managing to minimize the period of return on the initial investment made. Shao et al. 30 present a model based on GA that tries to optimize the energy retrofitting of existing buildings by minimizing three objectives: annual emissions, operational energy consumption and initial investment.
In addition to GA, other optimization methods have been applied in energy building retrofitting, although less frequently. Asadi et al. 31 apply Tchebycheff Programming to minimize the building's energy consumption by modifying the thermal envelope and spaces.
The common thread in all the articles mentioned is the attempt to optimize certain factors, always minimizing the cost of implementing the energy building retrofit strategies required for this purpose.
Using MS Excel 32 programming, the present study simplifies a multi-criteria optimization approach into a GA-based mono-criteria optimization approach applied to the heating and cooling energy demand ratings, basing on ISO 13790 33 and EN 15217. 34 We chose MS Excel because it is a widely used software that is easy for the average user to handle. The purpose is to optimize, through GA, the execution costs necessary to reach a certain energy efficiency rating for the selected building. The proposed methodology is applied in a case study to demonstrate its robustness and functionality.
Regarding the energy building retrofit strategies used in the case study, passive methods are contemplated, given that the purpose is to adjust the energy demand. The decision variables are the type of thermal insulation on external walls and roofs, as well as their thickness, the material of window frames and glass and the shade factor provided by solar protection devices.
The next section of the article continues with the formulation of the problem and the approach for resolving it. In Example case study section, the proposed approach is applied to a real case. The final section presents the conclusions of the study and proposes new lines of research that can emerge from it.
The proposed GA-based mono-criterion approach
The methodology proposed by ISO 13790 was implemented to determine the heating and cooling energy demands, along with EN 15217, referring to the energy rating of buildings, in MS Excel. The main reason we selected this software is because it can be applied easily by technicians with no specific knowledge in the area of optimizing problems with several variables. This strengthens the reach of the methodology presented, bringing it closer to the professional sector, which is more familiar with MS Excel than with other more specific software like MATLAB.
The GA included in the MS Excel Solver Tool 35 was used to launch the optimization, due to the broad search space that contemplates this problem (see Energy building retrofit strategies section). It is a simple-objective GA, that is, a non-deterministic method. Starting with an initial population (possible combinations of the configured variables), it randomly applies the operators of mutation, crossover and selection (based on the principles of the Theory of Evolution by C. Darwin), which modify this population and create new individual ones (possible solutions). These operators are iteratively applied until the problem converges, thus finding the optimal solution in this calculation process. This solution can differ if the calculation is run again, as it is a non-deterministic method, but both solutions will be close to the optimal one. The calculation method established by ISO 13790 is contrasted and verified, so that the results obtained are valid for studying buildings in terms of energy.
Decision process
The decision-making method presented is structured as a process composed of seven steps, as Figure 1 shows:
Step 1. The user establishes the specific energy rating that he/she wants to achieve.
Step 2. Initial energy rating, based on the structural, occupational and functional characteristics of the building.
Step 3. If the resulting rating is the one desired, no intervention will be necessary; otherwise, the necessary interventions will be planned.
Step 4. The inputs are established (desired energy rating, energy building retrofit strategies, etc.), and the evolutionary optimization process is begun. The result obtained will be the new energy demand values and their corresponding rating, as well as the energy building retrofit strategies selected in each case.
Step 5. Check the ratings obtained and the costs associated with achieving them.
Step 6. If the resulting ratings are acceptable and the execution cost falls within the limits established by the user, the process is over. If any of the three conditions are not acceptable, the restrictions are again established, and the optimization is launched another time.
Step 7. Report on the optimal solution, indicating the modification made in the characteristic energy aspects of the building.
Decision model
ISO 13790 establishes that the demands for heating (Q H,nd ) and cooling (Q C,nd ), in conditions of continuous heating and cooling, are defined by
Depending on the climate where the analysed building is located, one demand could not take into account. For example, in Norway, only heating demand will be taken into account, as there is no need for cooling. The opposite would occur with countries such as Panama. In most cases, both demands would be taken into account, as in the study example presented in this paper.
With Q H,ht and Q C,ht being the heating loads for the heating and cooling modes, respectively;
H,gn and C,ls are non-dimensional factors of use of heating and cooling loads and Q H,gn and Q C,gn are the total calorie gains in heating and cooling systems
where Q TR is the heat transferred by transmission, Q VE is the heat transferred by ventilation, Q INT represents the internal gains and Q SUN the gains due to solar radiation. In the calculation of these factors, many variables are involved. We take into account those that have the greatest influence on the energy profile according to ISO 13790, that is, U-value of walls, roofs, windows and floor, or solar protection elements, among others.
Decision variables. The mono-criterion decisionmaking problem is composed of five decision variable groups, defined as:
1. thermal insulation types for facades; 2. thermal insulation types for roofs;
3. frame type in windows; 4. glass type in windows; 5. shade factor.
Thermal insulation types for facades and roofs are defined according to their thermal conductivity, k (W/mK), and their respective thicknesses (in metres). The materials for window frames and glass are defined according to their U-value (W/m 2 K). The shade factor is provided by standard data from typical buildings in Andalusia (non-dimensional).
The definition of variables is based on the methodology introduced by Diakaki et al. 36, 37 This research differs from previous ones in that this method orients the optimizations toward achieving a particular energy efficiency rating and not only to optimizing different criteria.
Including I types of thermal insulation materials for facades, we can establish binary variables X 1i , with i ¼ 1, 2, 3,. . ., I. The variables will be defined by Figure 1 . Decision process diagram.
In the case of thermal insulation for roofs, the variable will have similar properties to the previous ones, with, in this case, J types of thermal insulation materials. The binary variable will be X 2j , where j ¼ 1, 2, 3,. . ., J. From the above, it can be derived that
For K types of window frames, we can define binary variables of the type X 3k , where k ¼ 1, 2, 3,. . ., K. The variables will be defined by
As in the case of the frames, there are various window glass types. Having L glass types, we can establish binary variables of the type X 4l , where l ¼ 1, 2, 3,. . ., L. The variables will be defined by
Finally, to establish the solar factor values yielded by the shade elements, those classified as 'vertical protruding obstacles' by ISO 13790 are selected. In this norm, the G6 table indicates the values that this variable takes depending on the latitude where the building is located, the angle of inclination of the shading element and the orientation of the surface on which it is placed. These elements are set up so that they are only installed in periods when the demand for cooling is positive.
For each facade that might have shade elements (E, SE, S, SO and O), the solar factor will be defined as a non-linear variable established by the values dictated by the norm. Having M shade factors, for each facing, we can establish binary variables of type X 5m , where m ¼ 1, 2, 3,. . ., M. The variables will be defined by
In summary, the space for searching for the optimization process can be broken down into five groups of decision variables, within which we find a total of 36 binary variables (indicated in Tables 5 to 9 ) that follow the rules of interdependence indicated in equations (6), (8), (10), (12) and (14) .
Decision constraints. To reach a certain energy rating, two linear inequality constraints are defined: one for heating and the other one for cooling (equations (15) and (16)) I HEAT 2 I HEAT 1 ð15Þ
where I COOL_1 and I HEAT_1 denote the energy indicators for the desired energy efficiency rating of heating and cooling energy demand (desired value of heating and cooling energy demand), while I COOL_2 and I HEAT_2 will be the indicators obtained after implementing the energy-saving measures (value of heating and cooling energy demand after implementing the energy-saving measures). All of these factors are calculated according to EN 15217, and they are measured in kWh/m 2 year. To determine the insulation thickness, it is necessary to create non-linear inequality constraints because they adopt only standardized market values (0.01 or 0.02 m, for example). This is the case of equation (17) 
The thickness is defined by e 1i , where i ¼ 0.01, 0.02, 0.03,. . ., I for the case of external walls, and as e 2j , where j ¼ 0.01, 0.02, 0.03,. . ., J for roofs. e max represents the maximum thickness; it is possible to choose because the methodology is applied to existing buildings.
Decision criteria. The choice of energy building retrofit strategies is established as a mono-criterion selection. The objective pursued will be to minimize the execution costs of the energysaving measures selected, adjusting the results to a certain energy rating for both cooling and heating.
The cost function is defined as the sum of the costs of thermal insulation for facades (C INS_WALL ) and roofs (C INS_ROOF ), the costs of substituting windows (C WIN_FRAME + GLASS ) and the costs of installing the corresponding shading elements (C SHADOW )
It is established that A represents the surface (in m 2 ) of each element, C 1i and C 2j represent the cost (E/m 2 ) of the materials selected to provide thermal insulation on facades and roofs, C 3k and C 4l show the costs (E/m 2 ) of the materials attributable to windows, % G indicates the percentage of window that pertains to glass and C 5m represents the cost (E/m 2 ) of placing the solar protection elements.
Decision model. Based on the variables and decision criteria defined above, the resulting decision model is established as a mono-criterion optimization process, with one decision criterion (equation (24)), five variables (equations (5) to (14)) and four inequality constraints (equations (15) to (18)
Example case study Building description
For the study, the residential building used has structural characteristics that are very common in the south of Spain. It is a one-story, singlefamily home (Figure 2 ) with a flat roof that serves as a terrace. It is located in the city of Seville, in the south of Spain, (latitude 45 N), and its construction dates from 1960. The net floor area is 91.0 m 2 , and its mean height is 2.80 m. Tables 1 to 3 show the main building characteristics of the thermal envelope. Seville is located in climate zone B4, according to the applicable regulation in matters of energy efficiency in Spain, CTE. 38 The value limits for the heating and cooling demands for this zone are indicated in Table 4 .
The windows have single-paned glass and metal frames without thermal bridge breaks that represent 20% of the total surface of window.
There is a centralized heating and cooling system for the entire house, providing service to all the rooms except the bathrooms and kitchen.
The gains due to the people and equipment were established, according to the G.8 table of ISO 13790, at an average of 6 W/m 2 daily, while the index of air infiltration was established at 0.75 air changes per hour.
Energy building retrofit strategies
The cost of installation for each energy building retrofit strategy was calculated using the CYPE 39 This is a widely used, highly prestigious software for the estimation of building projects, both new and retrofitting, in Spain and Latin America.
Different retrofit actions were included that involved facade insulation materials (internal), roof insulation materials (internal and external), window types and solar protection elements to improve the building's energy demand and thermal comfort in a cost-effective manner. The cost of each intervention was calculated taking into account the recovery of the former building conditions, that is, including the costs of all the associated building tasks. Tables 5 to 9 indicate the characteristics of the different components that make up the decision process. In the case of solar protection, adjustable fixed slats are chosen. These are set at a 60 to the vertical, the most common setting for the type of building selected in the location mentioned above.
Results: Analysis and discussion
As Figure 1 shows, before running the optimization process, it is necessary to know the building heating and cooling energy demand in its current state. These values are calculated in the developed tool, and in this case, they are 87.2 kWh/m 2 for heating and 44.7 Kwh/m 2 for cooling, obtaining a 'G' rating for heating and 'D' for cooling. In this specific case, after the optimization process, an attempt is made to reach the best rating possible on both demands, rated at the same level. In other words, the intention is to reach the point where the demands are optimal with the same energy rating in both cases (Table 10 ). The search for the 'A' rating is begun. If this is not reached in both cases, the next step is to study the 'B' rating, and so on. Table 11 indicates the configuration given of the parameters of the GA used in each of the optimizations performed.The value used for the population size, greater than normal in these cases, stems from the extensive sample space that contemplates the problem (2 36 options). On the one hand, the convergence precision is due to the fact that the goal is to optimize the economic cost, so that a more sensitive convergence would not make sense. The value given to the other Solver configuration options (precision of the restrictions, rate of mutation, random initialization value and maximum time without improvement) are taken based on successive optimization cycles, with those shown in Table 11 providing the best results in computational terms.
In a first step, two optimizations were performed, the first taking into account only the restrictions derived from adjusting the heating demand and the second referring to the cooling demand. If solutions are found for each of these, a third optimization is carried out taking both restrictions into account. The values taken as limits for the ratings on both demands are established according to the climate zone where the building is located. In our case, as it is located in Sevilla, the value limits are those applicable to zone B4 ( Table 4) .
The calculation procedure begins by adjusting both demands separately to the 'A' rating (OPT 1). Forcing the heating demand, we only find six feasible configurations, while there are no solutions for the fit of the cooling demand, so that there is no compatible solution. Of the six options that meet the restrictions for the heating demand, the optimized one is number 6, with a necessary investment of 8854.07 E. Table 12 shows the configuration of each of the compatible solutions, while Figure 3 represents the heating demand for each solution in relation to the necessary investment to reach it. As we can see, solution 1 shows the greatest energy savings, but its cost is too high. In the solution we consider optimal, the energy savings is less (we are not optimizing), but the desired rating is reached with the minimum cost (optimized value).
Next, the demands are forced separately to reach the 'B' rating. In this case, we find solutions for both cases, shown in Tables 13 to 14 and Figures 4 and 5 , for heating (OPT 2) and cooling (OPT 3), respectively. Given that there are independent solutions to fit the demands, the next step is to launch the joint optimization of both demands (OPT 4), whose results are shown in Figure 6 and Table 15 . Table 16 shows the results of the optimizations, as well as the final configuration of the energy building retrofit strategies selected. The lowest computational calculation time was for OPT 1: 10 min; while the greatest was for OPT 4: 20 min.
When the cooling energy demand is not taken into account in the optimization, no solar protection element is selected. The opposite occurs when the cooling energy demand enters the picture, where, whether the heating energy demand is taken into account or not, solar protections are selected for all the facades. Another common factor in all the optimizations is the window frame material, with the PVC option being the most feasible in all of them. The best possible solution in terms of overall energy savings is OPT 4, where heating and cooling demands are adjusted to the B rating, obtaining a savings of 8899.80 kWh/year.
As Tables 12 to 16 and Figures 3 to 6 show, the proposed process does not focus on energy saving, but rather on the rating obtained, as this is its objective.
The results obtained from the application of the proposed approach to calculate the solutions for the case study show the viability of this methodology as a tool to support the search for balanced strategies to retrofit existing buildings.
Conclusions and future work
One of the main problems in checking an energy retrofit of an existing building is the selection of the most beneficial measures among a large number of possibilities derived from a heterogeneous set of materials with very different characteristics applied to different purposes. This problem can be resolved by using a multi-criteria approach that takes into account the possible intrinsic restrictions, as well as the influences among them, but it could become inefficient in its computational calculation. In this study, a mono-criterion optimization process based on a combination of MS Excel and GA is presented. The method is aimed to reach a particular energy efficiency rating of the energy demand for cooling and heating. The main objective is the minimization of energy retrofit cost. Other possible objectives, such as the adjustment of energy demand, are configured as constraints.
The simplicity of the implementation of the method developed makes it a product with great potential for use in its field of application. In future developments, the tool will be configured Figure 5 . Solutions for the building retrofit strategies (cooling, level B) -OPT 3. Figure 6 . Solutions for the building retrofit strategies (heating and cooling, level B) -OPT 4.
minimize the computational cost and calculation time of the process compared to complex energy simulation programs and multi-criteria optimization problem, thus giving it a more versatile nature. In future studies, it would be interesting to include constraints related to the indoor thermal comfort or indoor air quality, along with those applied in this study, in order to achieve a greater scope of action for the technique.
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